Sulfolobus islandicus is a model experimental system in the TACK superphylum of the Archaea, 13 a key lineage in the evolutionary history of cell biology. Here we report a genome-wide 14 identification of the repertoire of genes essential to S. islandicus growth in culture. We confirm 15 previous targeted gene knockouts, uncover the non-essentiality of functions assumed to be 16 essential to the Sulfolobus cell, including the proteinaceous S-layer, and highlight key essential 17 genes whose functions are yet to be determined. Phyletic distributions illustrate the potential 18 transitions that have occurred during the evolution of this contemporary archaeal cell and 19 highlight the sets of genes that may have been associated with each transition. We use this 20 comparative context as a lens to focus future research on archaea-specific uncharacterized 21 essential genes for which future functional data would provide valuable insights into the
Eukaryotic and Archaeal Common Ancestor, which was subsequently split to form the Archaea 28 and Eukaryota domains 2,3,4 . Increases in genome and metagenome sequence data continue to 29 refine this picture, providing reinforcement for many of its key aspects, improving phylogenetic 30 sampling, and providing additional details 5-12 . The tree of life itself has evolved with the 31 addition of new lineages whose gene content and phylogenetic reconstruction suggests that the 32 Thaumarcheota, Aigarchaeota, Crenarchaeota, and Korarchaeota (TACK) lineage of Archaea 33 may hold the esteemed position of sharing a more recent common ancestor with the Eukaryota 34 domain than other archaeal groups 5,6,13-16 .
36
Today the tree of life provides a framework for studying the evolution of cellular complexity.
37
Genomics and metagenomics provide data on the distribution of genes across this tree and in 38 doing so provide an understanding of the origins and evolutionary dynamics of gene sequences.
39
However, phyletic distributions fall short of establishing the functional evolutionary history of 40 the cell since gene presence does not link directly to function. Truly mapping evolution of 41 today's complex contemporary cells involves a comparative approach in which functional 42 cellular systems and the interactions of their constituent components are examined at a 43 molecular level in organisms representing key evolutionary lineages across the tree of life.
45
As a step in that direction, we take a genome-wide functional approach to define 441 genes 46 essential to the growth of S. islandicus. Sulfolobus, a thermoacidophilic genus from geothermal 47 hot springs, is one of the few organisms within the TACK archaea that can be cultured and is 48 genetically tractable, and it is the most developed model for studying the biology of cells in this 49 lineage. We highlight surprises revealed by subsequently examining the function of essential 50 and non-essential genes in this model organism, including the non-essentiality of the S-layer 51 protein found to be present in most cells in the archaeal domain 17 flanked by two 19-bp inverted repeats (Fig. 1a ). After electroporation-mediated transformation 64 of ArgDcells with the EZ-Tn5 transposome, cells were allowed 10 days of growth on rich 65 media. While valuable information about metabolic and regulatory genes could have been 66 gained by comparing results from different media conditions, we restricted this study to one 67 rich medium to focus on central cellular rather than metabolic functions. Insertion locations 68 were determined via genome tagging and fragmentation ("tagmentation") on colony pools, 69 followed by amplification and sequencing of the junction sites, which were then mapped onto 70 the genome. In all, 89,758 unique insertion events with at least 3 reads each were identified 71 across all three libraries, corresponding to an average of one insertion every 29 base pairs and 72 an average expected 29 insertions in each annotated protein-coding gene (see Methods;
73 Supplementary Table 1 contains colony, insertion, and read counts for each library while all 74 insertion locations can be found in Supplementary Dataset 1).
76
Essential genes were predicted to be significantly underrepresented in the insertion locations 77 extracted from the transposon mutagenesis and sequencing data (Tn-seq). It is important to note 78 that this may make them indistinguishable from genes that are not strictly essential for growth, 79 but instead cause a severe growth defect, and thus our definition of "essential" extends to these 80 genes too. To determine the statistical separation between essential and non-essential genes, we 81 used a combination of two programs: ESSENTIALS 18 and Tn-Seq Explorer 19 . Both methods 82 report essential gene candidates by separating essential and non-essential genes into a bimodal 83 distribution of scores. ESSENTIALS does so by calculating a log ratio of observed and 84 expected reads in each gene (log2FC), while Tn-Seq Explorer uses a sliding window approach 85 to examine the absolute number of insertions in and around genes and calculates an Essentiality 86 Index (EI) for each. The former tends to underestimate the number of essential genes, while the 87 latter tends to overestimate 19 . 445 genes lie within the suggested range for both methods (log2FC 88 ≤-5.1 and EI<4), leaving 178 genes within only one range, or "unassigned" as essential or non-89 essential. The remaining 2,105 protein-coding genes are likely non-essential for growth under 90 these conditions ( Fig. 1b Table 3 ). We were 100 unable to acquire knockouts for 42 of 45 predicted essential genes in this set. Two exceptions, 101 topR2 (M164_1245) and apt (M164_0158), were identified to have significant growth defects 102 on plates once they were knocked out ( Supplementary Fig. 1c , 2a and 20 ), likely resulting in 103 their under-representation in our transposon library. The third, cdvB3 (M164_1510), a paralog 104 of cdvB, may be incorrectly called essential in our Tn-seq analysis. We can readily obtain cdvB3 105 disruption mutants ( Supplementary Fig. 3b ) and the growth of a cdvB3 mutant strain is 106 indistinguishable from the wild-type strain (data not shown), thus this gene was removed from 107 the essential gene list. An explanation of why this gene is mischaracterized would require 108 further investigation, but it is possible that, because the score distributions for essential and 109 non-essential genes overlap, this gene was simply not hit enough times to achieve significance.
110
This could be true for a small number of other genes as well and is a fundamental limitation of 111 Tn-seq.
113
To further investigate our automated assignments, we screened eight "unassigned" genes in S.
114
islandicus M.16.4 that were called essential by one method or the other but not both. We were 115 unable to obtain mutants for six of them. Of these, five genes, i.e., lig (M164_1953), priL 116 (M164_1568), priX (M164_1652), rnhII (M164_0197), and tfs2 (M164_1524) were called 117 essential via EI but not log2FC, while thrS1 (M164_0290) was called essential based on log2FC 118 but not EI. In contrast, knockouts of the two "unassigned" genes called essential by EI but not 119 log2FC, udg4 (M164_0085), encoding uracil-DNA glycosylase family 4, and rpo8 incubation of transformation plates, again consistent with a severe growth defect 122 ( Supplementary Fig. 2b, 2c , and 3b). This suggests the presence of false negatives and a 123 stronger bias to underestimate than overestimate the true number of essential genes. Because 124 not all genes in the unassigned categories were genetically tested, we conservatively excluded 125 all unassigned genes from the essential gene list. By contrast, knockouts for all 76 non-essential 126 genes tested were successfully obtained and verified by PCR analysis ( Supplementary Table 3 127 and Supplementary Fig. 3 ). These include hjm/hel308a (M164_0269), cdvB1 (M164_1700), 128 topR1 (M164_1732), and three DExD/H-box family helicase genes (M164_0809, M164_2103, 129 and M164_2020), the homologs of which were previously thought to be essential in a related 130 strain S. islandicus Rey15A 21-24 (Supplementary Table 3 and Supplementary Fig. 3b ). Taken 
157
The cellular function of the Sulfolobus S-layer is unknown, but is believed to provide resistance 158 to osmotic stress and contribute to cell morphology 28 . S-layer deficient mutants have never been 159 successfully cultivated before in any archaeal species, therefore it was assumed to be essential.
160
of slaA, slaB, and slaAB via a MID (marker insertion and unmarked target gene deletion) 163 recombination strategy 32 . PCR amplification with two primer sets, which bind the flanking and 164 internal region of S-layer genes, respectively ( Fig. 3a ), confirmed the successful deletion of 165 slaA, slaB, and slaAB from the chromosome of the genetic host RJW004 (wild type) ( Fig. 3b ).
166
We next tested for absence of the S-layer proteins in growing cells. Isolation of a white 167 precipitant, described as the S-layer previously 33 , was possible only in the wild type and to a 168 much lesser extent in the ΔslaB mutant strain ( Supplementary Fig. 4a and 4b ). Transmission 169 electron microscopy (TEM) analysis confirmed this extracted protein precipitate from both wild 170 type and ΔslaB formed crystalline lattice structures ( Supplementary Fig. 4c ). Finally, we tested 
202
Unlike Euryarchaota and most extremely thermophilic bacteria, Crenarchaeota possess two 203 copies of reverse gyrase 35, 36 , both believed to be essential for growth 21, 37 . Tn-seq analysis 204 indicated that the topR1 (M164_1732) was non-essential, which was confirmed by a successful 205 disruption ( Supplementary Fig. 1b ). Interestingly, as mentioned above, topR2 (M164_1245) 206 was called essential but we could obtain topR2 disruption mutants ( Supplementary Fig. 1c 
228
One possible explanation is that in the absence of cas5, the Cascade complex becomes 229 misfolded and thus toxic for the cells, but future studies are needed to confirm this interpretation. Fig. 7 and 8 ). Together these data 263 support four primary stages in the evolution of the contemporary S. islandicus cells and allow 264 us to assign specific essential genes to these potential transitions in the evolution of the cell. Poorly Characterized* 5 1 14 7 46 3 * Genes are put into a category if they are present in >50% of the organisms in each group, i.e. universal is in >50 % of each of Bacteria, Archaea and Eukarya groups. "Other" refers to genes that do not meet these criteria. ** NOG categories "Function unknown" or "General functional prediction only". Full list shown in Supplemental Table 6 266 267
The highest number of essential genes are shared broadly across the tree of life (Universal in 268 Table 6 ).
292
Fifty-five essential genes belong to NOGs that are shared by organisms in the archaeal domain 293 (Table 2) . Functional assignments of the archaeal-specific genes represent a diversity of 294 functions split between core functions (translation, transcription, and replication) and peripheral 295 functions such as transport, defense (including all the above-mentioned predicted antitoxin 296 nurA and gins15, while genes in arCOG category "Transcription (K)" are largely transcription 298 factors and do not represent core RNA polymerase functionality like the EA genes mentioned 299 above. Fourteen of the archaeal-specific genes are poorly characterized (Table 2) 
390
Tn-seq data processing and analysis 391 Illumina FASTQ reads from all three libraries that were fewer than 50 bp in length, had a quality score below 30, 392 and did not contain the 23-bp transposon sequence were removed. The remaining reads were stripped of transposon 393 and adapter sequence and aligned to the S. islandicus M.16.4 genome (NC_012726) using the Burrows-Wheeler 394 Bowtie 2 alignment tool 56 . Reads that mapped to multiple locations in the genome or to ambiguous sites were set 395 aside, as were those with an alignment length less than 11 base pairs. Using in-house software, the resulting .sam 396 alignment files were converted to lists that included unique insertion locations, the strand to which they aligned, and 397 the number of reads associated with that event (Supplementary Dataset 1) . Insertions that occurred in the same 398 location but on different strands or in separate libraries were considered independent events. Tn5 transposase has 399 been shown to prefer certain insertion sites over others 57 , so each reported site was extracted and nucleotide 400 frequency was measured 20 bases up-and-downstream as compared to an equal number of random sites in the 401 genome. Random sampling via the Python numpy.random.choice function (with replacement) yielded sites with 402 overall frequencies matching the known G+C content of the genome (35%), but a pronounced and palindromic 403 pattern was observed at insertion sites even when normalizing for this bias ( Supplementary Fig. 9 ). Overall Tn5 404 appears to prefer a G-C base pair flanked by an AT-rich region, which is consistent with other studies 57,58 . However, 405 when normalized to the overall G+C content, no single biased site was more than 2-fold enriched in a certain base 406 compared to the rest of the genome, meaning there was considerable variation in the sites themselves and thus the 407 chance that the bias would significantly affect our results is reduced. Gene essentiality was then evaluated using 408 software previously designed and published for this purpose: Tn-Seq Explorer 19 and ESSENTIALS 18 . The
409
ESSENTIALS software was run with mostly default settings with a list of insertion locations and associated reads 410 as the input. The locations for each of the three libraries were submitted as separate files and the total library size 411 specified as 105,968 ( Supplementary Table 1 ). Repeat filtering was enabled to avoid calling repeated regions as 412 essential. The LOESS smoothing feature normally meant to compensate for the over-representation of bacterial 413 origins of replication (caused by multiple simultaneous replication rounds) was disabled because Sulfolobus only 414 undergoes one round of replication per cell cycle 59 . Because of the lack of observed sequence specificity, the insertion 415 site was specified as "random." The program uses "log2FC" as its measure of essentiality, which is proportional to 416 log2 (reads observed/reads expected) for each gene and sets a cutoff automatically as the local minimum between 417 essential and non-essential distributions in a density plot of the scores. The program suggested a putative maximum 418 log2FC of -5.1 for essential genes.
419
For the Tn-Seq Explorer software, insertion sites of all three libraries were combined and insertion sites with fewer 420 than 4 reads were excluded for analysis due to their vast over-representation in the insertion sites and the uncertainty 421 of their source (Supplementary Table 1 ). The program uses a sliding window approach and returns an essentiality 422 index (EI) based on the number, location, and spatial concentration of insertion sites within each individual gene. It 423 also allows for the adjustment of the stated start and end points of the gene. As is default, insertions in the first 5% 424 and last 20% of genes were excluded to compensate for misannotated start codons and proteins for which C-terminal 425 deletions are tolerated, respectively. The program suggested an EI maximum of 3 ( Fig. 1b) . purified and electroporated into the argD auxotrophic strain S. islandicus RJW008, selecting ArgD + transformants 434 on the plates lacking agmatine. S-layer genes slaA, slaB, and slaAB were deleted from the chromosome of the genetic 435 host S. islandicus RJW004 via an improved MID strategy 32,61 with knockout plasmids pMID-slaA, pMID-slaB, and 436 pMID-slaAB, respectively. The resulting △slaA and △slaB mutants harbored an in-frame deletion of the coding 437 region from nucleotides +52 to +3687 relative to the start codon of slaA (3690 bp in length), and +13 to +1185 438 relative to the start codon of slaB (1194 bp in length), respectively. The △slaAB mutant was constructed similarly 439 leaving 51 bp of the slaA (nt 1 to 51 relative to the start codon of slaA), 6 bp of restriction enzyme (MluI) site, and 440 9 bp of slaB (nt 1186 to 1194 relative to the start codon of slaB) in the chromosome of S. islandicus RJW004.
441
Verification of each gene replacement or deletion mutant was determined through PCR diagnosis with both flanking 442 primers (bind outside of the targeted region) and internal primers (bind inside of targeted region), which examined 443 the genotype and purity of mutants respectively. The primers used to generate and confirm gene disruptions or 444 deletions were described in the Supplementary Dataset 9, and the expected sizes of amplicons generated from the 445 genetic host (wt) and mutant strains were provided in the Supplementary Table 8 . The presence/absence matrices were also cross-referenced with phylogenetic data via NCBI taxonomy information 497 to determine how widespread each gene was in different orders spanning the tree of life. Simulated random 498 distributions of genes were created by counting how many organisms in which they were found and assigning that 499 many random organisms to each gene (without replacement) for each gene 100 times using the numpy.random.choice 500 function. P-values were generated by counting the number of simulated observations above or below the true 501 observation and dividing by 100. To determine the proportion of COGs or arCOGs that have essential members in 502 S. islandicus, we removed unique clusters with more than one gene in S. islandicus that showed no essentiality from 503 the total due to possible redundancy in functional orthologs from the same cluster. To test for bias in the phyletic 504 sampling of the set of 169 genomes, we assembled 100 organism sets with genomes randomly sampled from the 505 eggNOG database to equal proportions of TACK archaea, euryarchaeota, eukaryotes, and bacteria as to that in the 506 169 genome set. Organisms were chosen at random without replacement using the numpy.random.choice function 507 again. In all data involving the eggNOG database, organisms missing from the NOG members file were excluded.
509
Life Sciences Reporting Summary 510 Further information on experimental design is available in the Life Sciences Reporting Summary.
512
Code availability
513
The custom Python and Zsh scripts used for analyses in this study are available upon request.
515
Data availability
516
The raw Tn-seq data of three independent transposon insertion libraries CYZ -TL1, CYZ-TL2, and CYZ-TL3 . Points indicate individual genes plotted according to the scores returned by each program. Histograms indicate the number of genes of a particular score, and the dotted lines indicate the recommended cutoffs returned by each program as the local minimum between the essential and non-essential score distributions. Essential genes meet both criteria (lower-left quadrant) The protein-coding genes that only met the ESSENTIALS or Tn-Seq-Explorer criteria were deemed as "unassigned candidates" leaving the rest as likely non-essential to S. islandicus M.16.4 growth under these conditions. A complete list of the log 2 FC and EI for the S. islandicus M.16.4 genes from the combined mutant libraries are provided in Supplemental Dataset 2. Expected sizes of amplicons can be found in Supplementary Table 8 . L (lanes 1, 6, and 12) indicates the 2-Log DNA Ladder (NEB, USA). Blank (lane 11) denotes that no sample was loaded in the well. c, Growth profiles of RJW004 (wild type), ΔslaA, ΔslaB, and ΔslaAB mutant strains. Wild type and S-layer gene knockout strains were cultivated at pH 3.3, 76 °C for 11 days in DY liquid medium supplemented with uracil and agmatine without shaking. Cell culture growth was monitored by optical density measurements at 600 nm every 12 or 24 hrs. Error bars represented standard deviations from three independent experiments. Table 1 and Table 2. 
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